at Surkhet in 2009 to 98.2 mg g −1 at Rampur in 2012, and the mean Zn from 23.9 mg g −1 at Surkhet in 2012 to 85.1 mg g −1 at Parwanipur in 2009. The genotype effect and genotype ´ location interaction were significant for Fe (P = 0.01-0.03). For Zn, the genotype effect was significant (P = 0.008), and the genotype ´ location interaction was not (P = 0.46). The variance component estimates for the genotype ´ year interaction within locations were zero for both the minerals, indicating genotypic stability over the years. The best line for Fe was ILL7723 (81.0 mg g ). The lines that were within the top 20% for high concentrations of both minerals were Barimasoor4, RL6, RL9, ILL8006, RL11, RL12, ILL9926, and ILL6819. The lowest concentrations of the minerals were found in Shital for Fe (74.2 mg g . These results provide a useful foundation for the development of new lentil cultivars that have high mineral content and could be used to develop more nutritious varieties of lentil and reduce mineral element deficiencies in Nepal.
Asia and East and North Africa. Approximately 50% of world's lentils are grown in South Asia, and nearly 1.5 billion people in this area consume ?70% of the global lentil supply. Lentil in the diets of the people of South and West Asia, North and East Africa, and many developing countries provides nutritional security by supplying protein, Fe, Zn, and other macro-and micronutrients.
Lentil ranks first among the pulses with respect to consumption in Bangladesh (BBS, 2004) and Nepal (NARC, 2009) . Among African countries, Ethiopia and Morocco produce and consume substantial quantities of lentils. Within the existing food systems, micronutrientdense (Fe, Zn, and b-carotene) lentil cultivars will have a major effect in mitigating micronutrient deficiency syndromes, and the rural poor are the target group. A number of lentil cultivars have superior nutrient profiles, creating opportunities to enhance biofortification and bioavailability by extensive induction of nutritional and anti-nutritional traits (Thavarajah et al., 2010) . It has been documented that a huge population, particularly women and children in South Asia and sub-Saharan Africa, suffer from Fe, Zn, and Vitamin A deficiencies. To mitigate the problem of micronutrient malnutrition in developing countries under the HarvestPlus Program (http://www. harvestplus.org/), in addition to improving yield, our aim is to develop lentil cultivars with high contents of Fe and Zn.
The International Center for Agricultural Research in the Dry Areas (ICARDA) has a world mandate from CGIAR for lentil improvement. It delivers improved genetic material to the national programs of developing countries to develop new improved cultivars. Under the HarvestPlus Program, ICARDA conducts research to develop micronutrient-dense lentil genotypes to deliver to national programs. Its gene bank holds >11,000 accessions of diverse lentils collected from 72 countries (GRU, 2005) , which are the key to genetic enhancement for micronutrients. Our studies show that among 234 lines evaluated, Fe content varied from 41 to 71 mg kg −1 in red lentils and from 59 to 89 mg kg −1 in green lentils, and Zn content in red lentils was 22 to 60 and 32 to 55 mg kg −1 in green lentils. These considerable variations in Fe and Zn contents suggest a scope for improvement in these traits (Sarker et al., 2018) . In Turkish environments, variability in micronutrients arising from landraces and genetic crosses derived lines has been reported in several studies based on dense genetic marker techniques (Karaköy et al., 2012; Aldemir et al., 2017; Ates et al., 2018) . In an evaluation of 39 landraces and seven cultivars collected from southeastern Turkey, substantial variability for eight micronutrients including Fe and Zn in an eastern Mediterranean climate was observed (Karaköy et al., 2012) . Aldemir et al. (2017) observed that in a recombinant inbred line (RIL) population, Fe concentration in lentil seeds ranged from 37.2 to 175.7 mg kg −1
. They also identified 21 QTL (quantitative trait locus) regions explaining 5.9 to 14.0% of phenotypic variation in Fe in lentil seeds and the location of the QTLs using genotyping by sequencing. Ates et al. (2018) found phenotypic variability in another micronutrient, Mn, in lentil seeds (8.5-26.8 mg kg −1 ) using 120 RILs derived from a cross and evaluated in multienvironment replicated trials in Turkey. Using diversity arrays technology (DArT) markers, they constructed high-density linkage maps and identified six QTLs, each explaining 15 to 24% of phenotypic variation.
The lentil improvement studies at ICARDA work in a decentralized, participatory mode; this has resulted in the development of strong links with a number of national agricultural research systems in developing countries (Bharati and Neupane, 1993) . This study evaluates the materials targeted for growing in agroecological environments in Nepal. The objectives of the study were to characterize genotypic variation and to identify lentil germplasm accessions and breeding lines with high concentrations of Fe and Zn in the seed which were also adapted to different agroecologies in Nepal, as well as to assess the phenotypic similarity of the genotypes.
MATERIALS AND METHODS

Genetic Materials and Experimental Design
From the ICARDA germplasm, 58 genotypes comprising 18 released cultivars, 11 lines under on-farm trial, four breeding lines, and 25 elite landraces collected from Terai and mid-hill areas of Nepal were selected for evaluation by the Nepal Agricultural Research Council. All these lines and cultivars were grown for micronutrient trials in eight diverse locations: Itahari in the east; Nawalpur, Nepalgunj, and Surkhet in west; Parwanipur, Kabre, and Khumaltar in the central region; and Rampur in the north of Nepal. The evaluation was undertaken during 4 yr : 2006, 2009, 2011, and 2012 . The number of genotypes varied, but a number of genotypes were common across locations and years. At each location, the genotypes were grown in randomized complete block designs with three to four replications. Descriptions of the genotypes and locations are given in Tables 1 to 3 . After harvest, the seeds from each genotype plot at a given location were bulked and sent to Waite Analytical Services, School of Agriculture and Wine, University of Adelaide, Australia for Fe and Zn content analysis.
Statistical Analysis
The data from three assays of the micronutrient contents of the seeds received for individual trials (i.e., location-year combinations) were analyzed by fitting the genotypic effects, and the experimental error variance was obtained from the residuals. The genotypic effects were tested for differences under a fixedeffect model, whereas heritability was computed assuming the effects as random. For estimating the genotype ´ environment interaction, the location component of the environment was assumed as a fixed-effects factor, whereas year effects within locations were assumed as random. The genotype effects and their interactions with locations and years were assumed as
RESULTS
Trial Means and Genotypic Variation
The mean level of the micronutrients Fe and Zn, variability between the samples, significance level in terms of P value for genotypic differences, components of genotypic variance, error variance, and heritability are given in Table 4 for each trial (location-year combinations available). The experimental error variability is expressed as sample-to-sample variability and is measured by the coefficient of variation (CV). The CV in Fe content was found in the range of 4.5 (Rampur in 2011) to 15.6% (Nepalgunj in 2011). Of the 17 environments, CV was <10% in 71% of the environments (12), indicating a reasonable level of field homogeneity. Genotypic differences for Fe were significant (P < 0.058) in seven environments. The genotypic variance component estimates were restricted to the positive range of values in the REML procedure, and the estimates were set at the boundary value of zero in case of negative estimates, which occurred in four environments. Broad-sense heritability based on means for Fe varied up to 65%. The mean Fe over the genotypes varied in the range 72.4 (Surkhet in 2009) to 98.2 mg g −1 (Rampur in 2012). For Zn content, the CV varied from 4.4 (Khumaltar in 2012) to 18.0% at Rampur in 2011, whereas genotypic differences showed significance at 10% in 8 of the 17 environments. The heritability estimates varied up to 78%. The genotypic variance components were set to the boundary value of zero in case of negative estimates, which occurred in 7 of the 17 environments. The mean random. The data with variable replicates were unbalanced and included factors with random effects. To analyze such data, the restricted maximum likelihood (REML) method in Genstat (VSN International, 2015) was used to estimate the variance components, and the Wald test was used for testing significance of genotypes with associated P value and predicted genotype means. Broad-sense heritability was evaluated on the basis of means. Some key Genstat directives used for computation of variance components due to genotype, genotype ´ location, and genotype ´ year within locations are given as follows: The best linear unbiased predictors were obtained for the genotype and location table of means. This table of means was used to cluster the genotypes with locations representing the different variables. For clustering, the similarity matrix for the genotypes was obtained using Euclidean distances and the average link function or the unweighted pair group method with arithmetic mean (UPGMA) for cluster formation at various levels of similarity. , broad-sense heritability based on means; bound, negative estimates of the variance components were set at the boundary value of zero. ‡ CV, coefficient of variation. § P value = probability (standard normal variable > variance component estimate/its SE). , broad-sense heritability based on means. ‡ P value = probability (standard normal variable > variance component estimate/its SE). § bound, negative estimates of the variance components were set at the boundary value of zero. Genotype ´ Environment Interaction Table 5 gives REML estimates of components of variances for genotypes, genotype ´ location interaction, and genotype ´ year within location interaction. The variance component estimates for genotype ´ year within location interaction were found to be zero for both the minerals, indicating that the genotypic effects do not vary with the year. The genotypic effects and genotype ´ location interaction were significant for Fe (P = 0.01-0.03). For Zn, the genotypic effect was significant (P = 0.008), but the genotype ´ location interaction was not (P = 0.46). The heritability estimates after accounting for the genotype ´ environment interactions were 72% for Fe and 77% for Zn. The genotypes' average performances predicted from the available environments are in Table 6 ). The interrelationships among the genotypes are presented in Fig. 1 for Fe and Fig. 2 for Zn. At 90% similarity levels, the clusters formed were five containing 27 (Cluster I), 8 (Cluster II), 8 (Cluster III), 12 (Cluster IV), and 3 (Cluster V) genotypes. The ICARDA International Legume Lentil series (ILLs) were distributed among all the clusters, whereas the locally adapted genotypes were Arun, Simal, Khajura-1, Khajura-2, Jutpani, and Sisir in the largest cluster, Cluster I; Arial, Sindur, Simrik, Shikhar, and Bari-masoor in Cluster II; Shital in Cluster III; and Sagun and Black Musuro in Cluster IV.
The genotypes similar for Zn also formed five groups containing 30 genotypes in Cluster I, 10 in each of Cluster II and Cluster VI, three in Cluster III and Cluster IV, and two in Cluster V. The ILLs and Rampur Lentil series (RLs) were distributed in all the clusters, indicating a wide diversity of these materials. The locally adapted lines were distributed in only three clusters: Sindur, Shikhar, Arial, Arun, Jutpani, Simrik, Barimasoor4, and Shital in Cluster I, Black musuro and Shagun in Cluster III, and Khajura-1, Khajura-2, Simal, and Sisir in Cluster VI.
DISCUSSION
Lentils play an important role in the food and nutritional security of millions, particularly in Asia, so even a small increase in their nutritive value may be highly significant for improvement of human nutrition. Among the pulses, lentils are consumed most in Bangladesh (BBS, 2004) and Nepal (NARC, 2009); therefore, to assess their nutritive indicators, the present study was conducted to identify high-Fe and Zn-rich lentil genotypes in Nepal. Based on a total of 58 genotypes, we found significant genetic variation in the lentil germplasm for Fe and Zn content. This base of germplasm provides a good opportunity for improvement of cultivated lentils for micronutrients. Iron and Zn concentrations in lentils clearly varied significantly with the environment, primarily characterized by the locations that show substantial variation in rainfall and minimum and maximum temperature (Table 2) . de Araujo et al. (2003) also reported significant genotypic variation in common bean for micronutrients.
Considering 20% as selection intensity, Barimasoor4, RL6, RL9, ILL8006, RL11, RL12, ILL9926, and ILL6819 were found within the respective ranges for both the micronutrients. Hence, these genotypes may be used in breeding programs for combined enhancement of nutrient status. In addition, genotypes with high micronutrient levels might be suitable for studying the mechanisms of mineral element accumulation and transport. The mineral characteristics of crop plants depend on genetic and environmental factors. Variation in different germplasm for mineral characteristics also depends on the level of soil fertility, soil type, seed characteristics, seed composition, climatic factors, and others.
The variance component estimates showed that genotype ´ year interaction was not significant, thus indicating the genotypic stability over years for both the minerals. Significant genotype ´ location interaction for Fe implied that there is location-specific adaptation of the genotypes. In a single-year multilocation study, Kumar et al. (2013) also reported significant genotype ´ location interaction for both the micronutrients. However, no genotype ´ location interaction was observed for Zn, which indicates that selection of genotypes for Zn can be performed in a single location-year.
The importance of genotype ´ environment effects has also been assessed for nutrients and yield in other crops such as soybean [Glycine max (L.) Merr.; Asfaw et al., 2009] , wheat (Triticum aestivum L.; Sakin et al., 2011) , and sweetpotato [Ipomoea batatas (L.) Lam.; Tumwegamire, 2011] , where the general conclusion was that the implications of genotype ´ environment interaction should be kept specific to the trait in designing the breeding program (Dabholkar, 1992) . In summary, we identified considerable variation in the Fe and Zn contents of lentil germplasm. Our results provide a useful foundation for the development of new cultivars of lentil that have high mineral content. In particular, some of the germplasm that we studied could be used to develop more nutritious varieties of lentil and reduce mineral element deficiencies in Nepal.
The breeding process for enhanced micronutrient content can be made more efficient using biotechnological tools. Molecular tagging of micronutrient-dense traits will lead to marker-assisted selection in breeding cycles. Genetic markers such as DArT technology in context of micronutrients in lentil seeds have been used by Ates et al. (2018) to construct a high-density linkage maps and to identify the associated QTLs using RILs and to assess the phenotypic variability in Mn, whereas Aldemir et al. (2017) used a RIL population to locate QTLs for Fe using genotyping by sequencing technology. In addition to the derived populations, such as RILs, landraces too are a potential source of the micronutrients such as Zn and Fe, which may follow a similar pathway for uptake of these minerals (Karaköy et al., 2012) . The dense-genetic 
